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EVALUATION

The significance of this report is that it documents a milestone
in a program to study the application of acoustic surface wave technology
tc cost-effective implementation of wideband signal rocessing fuinctions.
The report presents the implementation of an originai RADC concept for
the generation of coherent frequency hopped/pseudo-noise waveforms by
using acoustic surface wave multiple tap delay lines. Such a signal
structure has been determined to be required for the multipurpose
communication system--providing ranging, addressing and protected
communications. The implementation, as described, bears out the
original thinking that the acoustic surface wave approach is wmuch
simp]er than conventional approaches While reducing the complexity
of such synthesizers, the measured nerformance of the technique_shows
that the high degree of coherency required betiween units is still
achieved. The report presents detailed design information for
fabricating the synthesizers and the results of the performance
tests.

Anﬁ<7 /fg;/¢,/%/
NR(fij/ SH,“Project Engineer
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SECTION I

aos N

INTRODUCTION

; The objective of the CToherent Frequency Synthesizer Techniques Study is to
R apply acoustic surface wave technelogy to the problem of generating coherent

. frequency-hopped/pseudo-noise waveforms. A great deal of study has been per-
formed in recent years :egarding the characteristics of waveforms required for
multipurpose communications systems. The results of these studies indicate
that the preferred waveforms should take the form ot »ideband signals composed
of pseudo-noise modulated bursts of RF that hop about in frcquency and which
are coherent from burst to burst. Properly implemented, suci a waveform would
have the capability of providing multiple access to users in a communication
system inte ded for simultaneous communications, navigation, and IFF.

A key element in such a communications system is the waveform generator
(i.e., frequency synthesizer). This generator is required at the transmitting
end of the system in order to generate the basic frequency-hopped/pseudo-rioise
(FH/PN) waveform. It is also required a¢ the receiving -end of the system in
crder to provide a reference signal used for demodulation of the information
transmitted by the communications link. The coiierency of the signal generated
by such a synthesizer (i.e., its predictability) is an important characteristic,
because the coherency between the transmitted and weference signals is a main
factor in determining the detection efficiency of the demodulation process. It
also affects the accuracy possible in the navigation {(ranging, orocess.

{onventional impleinentations of coherent frequency-hopping/ps~udo-noise
synthesizers generally require the use of complex frequency multiplication 2nd
division techniques, mixing and filtering processes, and the generation of
pseudo-noise binarv sequences at a fairly high clock rate. The application of
acoustic surface wave technology to the problem of generating the desired FH/
PN waveforms allows the majority of the RF signal generation and pseudo-noise
modulation processes, as well as the generation of the PN modulation sequences
to be directly performed on the surface of acoustic surface wave devices,
greatly reducing synthesizer complexity. Furthermore, by the proper choice
of surface wave device materials and prudernt electronic design, it is possible
to fabricate synthesizers which maintain a high degree of mutual coherency.
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SECTION If

SUMMARY

This report describes the design features and operating characteristics
of a pair of coherent FH/PN synthesizers which employ acoustic surface wave
tapped aelay lines to generate a 40-MHz bandwidth pseudo-noise modulated wave-
form. Each synthesizer generates the waveforms by pseudo-randomly exciting a
set of four surface wave device signal generators and summing the resultant
outputs. The surface wave devices are designed for 40, 50, 60, and 70-MHz
center frequencies and each surface wave device produces an impulse response
which is comprised of a 40, 50, 60 or 70-MHz carrier biphase modulated with
a 127-chip maximal length PN code. The PN code is modulated onto the carriers
at a 10-MHz chip rate and, therefore, the signals produced by each surface wave
device occupy a 10-MHz bandwidth. As a result, the summed output of the four
surface wave devices occupies a 40-MHz bandwidth.

The syrthesizers provide two modes of operation. The first mode (Mode I)
produces a continuous cutput signal consisting -f successive surface wave de-
vice impulise responses with each impulse response lasting 12.7 microseconds.
The secnnd mode of operation (Mode II) produces a 12.7-microsecond surface
wave device impulse response once every 6 milliseconds. In both modes of
operation, the synthesizers maintain a relative phase coherency within 18
degrees RMS of perfect (zero degrees) phase coherency at ambient tem..:.*ture.
For a 30°C temperaturc difference between synthesizers, the relative phase
coherency degrades to approximately 22.5 degrees RMS.

The design techniques emploved to obtain this degree of coherercy and the
methods employed to measure coheren./ are described in detail in this report.
Specific recommendations are presented ihat discuss the incorporation of band-
pass filtering, the use of an advanced quadriphase modulation technique, and
the use of switchable taps on a multifunction surface wave device.
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SECTION III

RATIONALE FOR SURFACE WAVE DEVICE IMPLEMENTATION CF SYNTHESIZERS

This development was undertaken with the objective of utilizing the non-
dispersive delay and multitap capabilities of the acoustic surface wave tapped
delay line (SWIDL) to simplify implementation of a coherent frequency-hopped/
pseudo-noise synthesizer. A frequency-hopped/pseudo-noise (FH/PN) signal con-
sists of a train of finite-length phase-modulated RF signal segments, each with
a relatively wide bandwidth (typically 2 to 20 MHz).

In this particular case, each frequency segment consists of an RF carrier
that is biphase modulated by a pseudo-random sequence. The composite signal
is hopped in frequency in a pseudo-random manner. In addition to the pseudo-
noise modulation and frequency-hopping characteristics of the composite wave
form, the coherent FH/PN waveform has the characteristic that the relative phase
of any one segment of the waveform is uniquely and predictably related to the
relative phase of any other segment of the composite waveform.

The three characteristics of the composite waveform (frequency hopping,
pseudo-noise modulation, and coherency) combine to provide mutually desirable
attributes in a multifunction communication system. The frequency hopping pro-
vides resistance to narrowband and strong multiuser interference. The pseudo-
noise modulation provides a degree of protection from intentional jamming,

a convenient method of implementing correlation range determination, and good
multipath interference rejecticn. Waveform coherency provides a significant
improvement in range determination and also allows a communication system imple-
mentation that can approach the theoretical limits on detection efficiency.

1. CONVENTIONAL IMPLEMENTATION

Conventional techniques are available to implement coherent FH synthesizers
and these can be used with shift register-generated PN sequences to synthesize
coherent FH/PN signals. in many instances, however, the resulting implementation
is not compatible with the faster hopping rates (75 kHz and above) nor with
higher PN modulation rates (20 MHz and above).

A typical coherent FH/PN synthesizer implementation is shown in Figure 1.
A stable master oscillator operating at 55-MHz is diyided by 11 to provide a
5-MHz signal that is mixed with the 55-MHz signal. This produces a spectrum
centered at 55 MHz with spectral lines every 5 MHz above and belcir 55 MHz.
The spectral lines are filtered by narrowband crystal filters centered at 40,
50, 60, and 70 MHz. The 5-MHz signal obtained by dividing the 55-MHz oscillator
by 11 is doubled to 10 MHz and applied to four feedback shift registers, each
of which produce different 127-chip maximal length pseudo-random sequences. The
four PN sequences are biphase modulated onto the filtered 40, 50, 60, and 70-MHz
signals producing four phase shift keyed signals. Each occupies a 10-MHz band-
width because of the 10-MHz PN modulation rate.
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Figure 1. Conventional FH/PN Synthesizer Implementation

FH/PN
OUTPUT

The modulated 40, 50, 60, and 70-MHz signals are filtered and applied to
RF zates which are activated one at a time by a frequency-hop sequence genera-

The frequency-hop sequence generator selects the mcdulated 40, 50, 60
or 70~MHz signals pseudo-randomly, thus making the frequency-hopping pseudo-
The synthesizer output is coherent, since all frequencies and modulat-
ing signals are uitimately derived from the stable 55-MHz oscillator.
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This cynthesizer implementation is fairly complex as it requires frequency
multiplication and division, the generation of four pseude-raidom sequences at
a fairly high (10 MHz) clock rate, crystal filtering of four different tones,
and broadband mixing and filtering of the modulated 40, 50, 60, and 70-MHz sig-
nals. Less obvious (but nonetheless impcrtant for coherent operation) are
the requirements of mutual synchronization between the four 127-chip PN sequence
generators and the divide-by-11 and divide-by-127 circuits. These synchroniza-
tion circuits are not indicated in Figure 1, but they are required in order to
produce a predictable (and coherent) synthesizer output.

2.  SURFACE WAVE TAPPED DELAY LINE CHARACTERISITCS

The coherent FH/PN synthesizer can be implemented using surface wave tap-
ped delay lines (SWTDL's) as the signal generators. With this in mind, a brief
discussion of surface wave devices is in order. Acoustic waves can be generated
on the surface of any solid at frequencies extending into the gigahertz range.
They propagate with no substantial frequency dispersion or attenuation, parti-
cularly on single-crystal materials. On a piezoelectric material, direct RF-
to-acoustic conversion is obtained by applying electrical signals to thin
film conductors deposited on a polished surface. An electrical impulse applied
between thin film conductors on a piezoelectric substrate gives rise to a
mechanical stress which propagates as a surface wave along the length of the
substrate at approximately 3 microns per nanosecond.

This traveling wave has an clectric field associated with it which extends
outward from the surface. As the traveling wave propagates beneath pairs of
adjacent conductors in an output transducer, it induces a voltage pulse between
the conductors. These voltage pulses can be summed to provide a periodic out-
put signal with a frequency dependent upon the wave velocity and conductor
spacing, and a signal duration dependent upon the total number of conductors.

By properly arranging the conductors of an output transducer, phase rever-
sals can be made to occur in the output signal so that a biphase-modulated
signal is generated. (The phase reversals are obtained by reversing the order
of the conductors in the output transducer.) If the phase reversals are arrang
ed in a pseudo-random sequence (see Figure 2), the resultant output signal is
PN modulated. Using surface wave devices with different center frequencies
(and with different PN codes if desired), a FH/PN waveform can be synthesized
by impulsing the surface wave devices in a pseudo-random sequence.

3.  SURFACE WAVE DEVICE IMPLEMENTATION

The basic implementation of a coherent FH/PN frequency synthesizer employ-
ing surface wave devices is shown in Figure 3. A master clock provides a tim-
ing reference for the synthesizer and operates a frequency-hop sequencer. The
frequency-hop sequencer controls pulser circuits used to excite four surface
wave devices in a pseudo-ra.Jom sequence. The surface wave devices produce
signals that are centered at 40, 50, 60 or 70 MHz which are biphase modulated
at a 10-megabit/second rate by 127-chip maximal length binary (PN) sequences.
These signals are filtered, amplified, and summed to provide the composite FH/
PN waveform. As is the case in the conventional synthesizer implementation, the
composite waveform is coherent, since it is directly determined by tne master
clock.
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Figure 2. Surface Wave Device Signal Encoder

A comparison of this implementation with the conventionral implementation
reveals that the need for high-frequency divider, multiplier and synchronization
circuits, crystal filters, balanced modulators, and high-speed PN sequerices
generators, is eliminated as all of these functions are performed simulta-
neously on the surface of the SWIDL substrates. Moreover, these functions are
performed on a compact and rugged device-that lends itself to potentially low
cost and repeatable high-volume production.
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Figure 3.

Surface Wave Device FH/PN Synthesizer
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SECTION IV

SYNTHESIZER DESIGN PARTICULARS

1.  GENERAL OPERATION

The two synthesizers are referred to zs s»rthesizer XNo. I and
synthesizer No. 2 in this repcrt. Although the technicues useé to generate
the fFi/PX cutput signals are identiczl in both synthesizers, there are slight
differences in the synchronization circuitry between ithe synthesizers and,
hence the synthesizer No. 1, synthesizer No. 2 distinction is made.

Synthesizer No. 1 m2y be ceasidered as the "transmitting” synihesizer.
In addition to its FH/PX output, it produces PN frequzacy-hop, pulser clock
and systez clock synchronization signals. Synthesizer Xe. 2 may be considered
as the "receiving" synthesizer. It produces a FH/PX output similar to that of
synthesizer Xo. 1. In additiom, it accepts the PX frecuency-hop, pulser ciock
and syste= clock synchronization signals fro= synthesizer No.1 and uses these
signals to synchronize its FH/PN output with the FH/PXN output froz synthesizer
No. 1. Tne techniques used to achieve syachronization are discussed in greater
detail later on in this report.

A functional block dizgran of synthesizer No. 1 is shown in Figure 4 and
a sipilar block diagram of synthesizer No. 2 is shown in Figure 5 to illustrate
FH/PX and synch.onization sigral flcw paths. Referring to Figure 4, a 10-Miz
clock is generated by am cven-stabilized 10-8iz crystal oscillator. The
oscillator produces a TTL logic cozpatible square wave which is fed to a
frequency-divider circuit. The frequency-divider circuit divides the 10-Miz
clock by 127 for Mode 1 (continuous output) operation, and by 60,000 for Mode
11 (6-nillisecond periodic) ope- “tion. The resultant output of the frequency-
diviaer circuit is selected by the Mode switch, (switch S1) depending upon the
node of operation of the synthesizer. The selected output will hereafter be
referred to as pulser lock.

a. Mode I Operation

In Mode I operation, the divide-by-127 output of the frequency divider
circuit is selected for pulser clock. In this mode, pulser clock is
an approximately 100-nanosecond wide pulse with a 12.7-microsecond
period, {78.7401 kHz repetition rate). Pulser clock is fed to the
frequency-hop sequence generator and the frequency-hop sequence
generator develops the pseudo-random frequency-hopping sequence.

The frequency-hopping sequence is synthesized from a 63-chip maximal
length pseudo-random code generated by the frequency-hop sejuence

generator and is clocked at the 78.7401 kHz pulser clock repetition
rate.

The frequency-hop sequence generator produces four SWIDL enable
signals corresponding to the 40, 50, 60, and 70-MH: SKT{{ center
frequencies. The enable signals occur sequenti.iiy In 2 manner
determined by the pscudo-random frequency-hopping sequence. Thus,
during any one 12.7-microsecond pulser cleck period, only onc of the
four SWTDL enable signals is logically true.

8
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Figure 4.

Synthesizer No. 1 Block Diagram

T
T

v

Each SWTDL enable signal is fed to its corresponding SWTDL module,
while pulser clock is fed to all four SWTDL modules simultaneously.
Each SWTDL module contains a SWTDL pulser and each pulser logically

AND's its enable signal and the pulser clock signal.

When a SWTDL

enable and pulser clock signal occur simultaneously, the enabled

9
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pulser excites its corresponding SWIDL. Since the Mode I pulser
clock repetition rate is 78.7401 kHz, a new SKTDL is enabled every
e 12.7 microseconds and pulsed in accordance with the frequency-hop-
k. ping pattern. Each SWIDL produces an impulse response precisely
i 12.7 microseconds long when excited. Thus, in Mode I operation an

impulse response is always occurring, since the pulser clock period
is 12.7 microseconds

The output of the SWIDL modules is fed to the switch module. The
switch module contains four RF switches used to gate the appropriate
SWIDL module output to the synthesizer summing circuitry. The RF
gating improves the signal-to-noise ratio at the synthesizer output.
(This is discussed in more detail later ir this report). The
frequency-hop sequence generator provides the switch module with

F four switch enabie signals. The switch enable signals are identical
to the SWTHL module enable signals, but are delayed in time approxi-
mately 4.9 microseconds to compensate for the 4.9 microseond delay
between the excitation of a SWTCL input transducer and the start of
a SWTDL impulse response. (The delay arises from the physical separa-
tion of the SWTDL input and output transducers).
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The output of the RF switches is fed to signal equalizing pads which
appropriately atiemuate the four SWTDL cutputs such that the sigazls
fed to the power sumrer zre of equzl amplitude. Thus, the ocutput of
the sumrer is z continucus Fi/PN sigpa! composed of equal amplitude,
12.7 microsecond long impulse responses that are hopped in frequeancy
by the pseudo-random frequency-hopping sequence. This sigpal is fed
to zn cutput amplifier which provides 50 dB of wideband gain. The
amplifier ourput level is approximately -5 dBz iato 50 ohkms apd it is
fed to a2 BEXC commectior on the synthesizer chassi::.

Synthesizer No. 1 produres three synchroaization sigpzls for use in
synthesizer No. 2, nauely X symrc, pulser clock, and system reference
clock. Pulser clock, taken directly from the output of the fregueacy-
divider circvit, is supplied to 2 lime driver and fed to a chassis
BXC conmector. System clock (ithe 10-}Hz referemce) is obtained by
filtering the sguare wave cuipus of the 10-Miz crystal oscillztor ia
synthesizer Ne to obtain 2 10-'tlz sine wave. Tkis signal is sup-
plied to 2 line Jriver 2ad thea t> 2 chassis BNC coammector. (A 10-
Mz sine wave is required im order to operate the 19-Hz phase lock
1ocp in synthesizer Xo. 2). PN sync is derived frem the fregquency-
hop sequence generator. The freguency-hop seguence generator is a
six-stage feedback shift register that gemerates the 63-chip fre-
guency-hop sequence. The logical state of the six stages (i.e.,
c1ip-flops) in the shift register are coatinuously monitored and

a particular point in the 63-chip sequence (which oaly occurs ocace
per 63-chip sequence) is digitzlly detected by observing the siates
of the six flip-flops. When this condition is recognized, a (PN
sync) pulse is geperated zaéd fed to 2 line driver and them to a
chassis BXC coanector.

Tne 10-}2:z reference signal is fed to synthesizer No. 2 where it is
used as the reference signal in a 10-}#z phase lock loop. Synthesizer
No. 2 contains 2 10-Miz voltage-controlled crystal oscillator (VCXO)
which drives the frequency-divider circuit in synthesizer No. 2. The
phase lock loop circuitry filters the VCXO output, obtaining a 10-
}iz sine wave and coopares the phase of this signal with the 10-}iz
reference signal fron synthesizer \o. 1. The error signal psoduced
by the phase lock loop «ircuitry is used to control the frequency of
the VCX0. Therefore, tle 10-z clocks in syathesizers No. 1 and

No. 2 are maintained coherent. The relative phase of the VCXC signal
is made adjustable by means of a "¢ adjust' control so that reiative
phase of the synthesizer No. 1 and No. 2 clocks can be varied for
experimental purposes.

The 10-MHz clock produced by the VCXO drives the frequency-divider
circuit in synthesizer No. 2 which in turn produces synthesizer

No. 2 pulser clock. In order for synthesizers No. 1 and No. 2 to be
coherent, their pulser clocks must be coherent. Therefore, the pul-
ser clock signal from synthesizer No. 1 is compared with the pulser
clock in synthesizer No. 2. If the synthesizer No. 1 and No. 2 pul-
ser clocks are not occurring simultaneously, 10-Miz clock pulses fed

13
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to the synthesizer No. 2 frequency-divider circuit are deleted until
the synthesizer No. 1 and No. 2 pulser clocks synchronize.

Once the synthesizer No. 1 znd No. 2 10-£z clocks and pulser clocks
are synchronized, the frequency-hopping sequence of synthesizer XNo. 2
rust be synchronized to the hopping sequence of synthesizer No. 1.

As rentioned previously, the PX sync pulse froz synthesizer No. 1
occurs when a particujar state of the six flip-flops cozprising the
frequency-hopping sequence generator ia synthesizer No. 1 is recognized.
The PN sync pulse fed to synthesizer No. 2 forces the state of the
six fiip-fiops in the synthesizer No. 2 frequency-hopping generator
to be identical to that of the hopping sequence generator in synthe-
sizer No. 1, thereby synchronizing both sequence generators. Oace
this occurs, toth synthesizers are frequency-hopping in unison and
the two synthesizer outputs are therefore coherent.

Mode 1II Operatiorn

In Mode II operation, the mode switch (showr schematically as S1 in
Figures 4 and 5) selects the divide-by-60,000 cutput of tne frequency-
divider circuit. Therefore, the pulser clock is an approximately 100-
nanosecond wide pulse with a 6-millisecovad period (166.666 Hz repeti-
tion rate). As a result, the frequaacy-hop sequence generator selects
and excites a new SWIDL every six milliseconds. The frequency-hopping
sequence is the same as in the Mode I case. Since the impulse
response of each SWIDL is 12.7 ni<roseconds, the synthesizer output

is comprised of a 12.7 microsecond burst of RF every six milliseconds
and the center frequency of €ach successive burst hops 7n the same
manner as in Mode I operation. With the exception of the frequency-
hopping rate, the operzition of the synthesizers (including the synch-
ronization techniquec), is the same in Mode I and Mode II.

2.  SWTDL DESIGN

a.

Substrates

All of the surface wave tapped delay lines used in the synthesizers
are tabricated on ST-cut Quartz substrates. ST-cut Quartz was selected
for the substrate material, because it has several desirable charact-
eristics relative to some of the other commonly used piezoelectric
materials such as lithium niobate or bismuth germanium oxide. ST
Quartz has a very small surface wave velocity temperature crefficient
and hence a small time delay temperature coefficient. Therefore,

the waveforms produced by ST Quartz SWTDL's tend to be stable with
temperature. This is especially important when considering the coher-
ency between two synthesizers that have to operate in different
temperature environments.

Quartz has a much lower electrical/acoustic coupling coefficient than

either lithium niobate or bismuth germanium oxide. While this means
that a Quartz SWTDL has a larger insertion loss than SWIDL's fabricated

12




3

F-

RFETORESS

AR

e et

A

e

Ty
Zr

PV

¥
It

- I TN, [ L P B - - L -

on lithiuz mobate or bisouth germanium oxide, 1t also means that a
ouch lower {znd usually insignificant} leve! of spurious signals is

generated by a Quart: deiay line

e SWTDL substrates used in the symthesiczers are § inches long by

+ inch wide by I/8 inch thich. They were all cut with 2 42.75 -ﬁecrco
axis rotation, (ST-cut}, and oriented such that the loag edge of the

rate corresponds to

subt ithin 5 minutes of the "X !rystzllographic
axis. One surface (X, rotated Y) was polished to 2 ome micron (or
bettery finish. A layver of zluzinuz, azpproximately 2000 z2agstroms
taick, was then vacuuzm-evaporated onto the polished surfzce of the
substrates tv serve as the metallization for the :nterdipital tranms-
ducer patterns.

The transducer patternas om each SWIDL consist of four input trans-
ducers ‘2 on eath cnd of the device: and a2;p curtput transducer. The
trapsducer patters: for the H0-Miz SHTDL is shown ir Figure |
transducers were placed on each eal of the devices so that

crulé be used as signal generziors or as parallel correlaz

filters . Two input transducers were placeé on cach 13 o

vices so thur damage o one iransducer would nat render th

useless.
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The initizl design of the 40-}Hz SWIDL pattern consisted of n=4 pair
input transducers and n=4 pzir per tap output transducers. In xhis
instance, the theoretical acoustic bandwicth of the imput transguiers
and of each tep of the output transducer was 10 MHz. Therefore, the
cozposite input transducer/output transducer acoustic bandwidth was
approxizately 6.4 Miz. As a result, the impulse response of the
device exhibited significant asplitude codulation due to bandlimiting.

In order to a2lleviate this problen, the number of pairs per tap on
the output transducer was changed from four pair to one pair with the
result that the acoustic bandwidth of the device was essentizlly
deternined by the bandwidth of the input transducer (10 MHz). The
eifect of this chznge was that the azplitude of the device's impulse
response was essentially constast and the frequency spectnm exhibited

. 2
a (?%%35) shape with nulls at 30 and 50 }MHz.

The design of the 50, 60, and 70-}&z SHTDL's was nade sinilar to that
of the 40-MHz SWTDL. In each case, the input transducer was designed
for a2 10-MHz acoustic bandwidth while the output transducers consisted
of single interdigital pairs per tap. A synopsis of the transducer
design characteristics for the 40, 50, 60, and 70-MHz SKTDL's is given
in Table I.

TABLE I. SWIDL TRANSDUCER CHARACTERISTICS

Center Frequency

40 Mz l;, 50 MHz I 60 MHz [ 70 *Hz
Nuaber of
?::i: n 4 pairs 5 pairs 6 pairs 7 pairs
Transducers
Output 127 taps 127 taps 127 taps 127 caps
Transducer (1 pair/tap) (1 pair/tap) [(1 pair/tap) | (1 pair,/ tap)
Interdigital
Finger 1.554 mills 1.243 mills| 1.036 mills | 0.888 mills
Spacing, 2/2
Output
Transducer 12.432 mills| 12.432 mills(12.432 mills | 12.432 miiis
Tzp Spacing
Interdigital
Finger 233.1 mills 186.5 mills| 155.4 mills | 133.2 mills
Overlap

14




<. SWTDL Codes

Each SKTDL output transducer contains a 127-chip maximal length pseudo-
randoa code and 2 different code is used on eack SWIDL. A computer
search was made of the 18 maximal length codes available (from the
fzmily of all possible 127-chip codes), and four codes with mutual
cross-correlations of less than 25/127 of the individual code zuto-

. corrclations were selected. The code number, characteristic equation
and initial conditions of each of the four codes is summarized in
Table 11I.

TABLE 1I. SWTDL PN CODES

: Center Frequency | Code Number Characteristic Equation _

2 40 Mz 211 P = X £ X0+ 1

50 Mz 217 P(X) = X + X0+ X% 41

2 60 MHz 277 P =X + X + X+ X0 a2 s x4 1

3 70 Miz 323 Px) =X + X0 s xt e x a1

5 Initial Conditions are 1000000 for All Codes.

d. SWIDL Matching

2 Bandpass matching of the SWILCL output transducers was employed to

ff maximize the SWIDL output signal levels so as to provide a good signal-
f to-noise ratio at the synthesizer output. In addition, the matching

e provides a degree of bandpass filtering of the SWIDL outputs and reduces
E any out-of-band spurious signals that might exist. The technique chosen
| was to match the output impedance of each SWTDL output transducer to

. 50 ohms (the characteristic impedance of all the non-surface wave RF

# components used in the system).

A 2

The basic matching network employed for each SWTDL output transducer
o3 is shown in Figure 7. It is a tapped parallel tank circuit composed
of the equivalent shunt capacitance of the output transducer, Cos and

a tapped variable inductor, L. The tank is shunted by the equivalent
shunt output resistance of the output transducer, Tp, and by the

equivalent resistance, Tp, of the circuit's 50-ohm load that is stepped
up by the tapped inductor.
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Figure 7. SWTDL Output Matching

The 3 dB bandwidth of this network is determined by its loaded Q,
(QL) and resonant frequency fo (i.e., 3 dB bandwidth = fo/QL).

The loaded Q is QL = ré/ZﬂfoL, where r'p is the parallel equivalent

T
width of 20 MHz in order to avoid any significant amount of phase
distortion in the 10-MHz bandwidth of the SWTDL outputs. The
characteristics of each matching network are summarized in Table
IITI. Using this matching technique, the output power of each
SWTDL was increased 6 dB relative to the output power obtained when
no matching was employed.

of rp and r... Each matching network was designed for a 3 dB band-

TABLE III. SWTD'. OUTPUT MATCHING NETWORK CHARACTERISTICS

Center Frequency
46 Miz 50 Miz | 60 MHz 70 MHz

Loaded Q, 2.0 2.5 3.0 3.5

*
CT 29.3 Pe 24.0 Pe 19.2 Ps 17.0 Pe
T 1.2K @ 1.7k Q 2.1K @ 2.4K Q
L 0.5 uh 0.36 ph 0.38 uh 0.3 uh
ré 270 Q 325 @ 420 Q 490 @
Total**
Turns, N 8.0 6.5 6.75 6.25
Tapped at 3.5 2.5 2.3 2.0
Turn, N1
* CT represents the shunt capacitance of the output transducer plus the

stray capacitance caused by the output leads.

** Inductor L is wound on a Cambion coil form, Part No. 3652-7. The tap

is referenced from the ground side of the inductor.
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3.  PULSERS

The pulser circuits used in the synthesizers produce narrow baseband
pulses which are used to excite the SWIDL's. Each pulser consists of a pulse
generator and pulse amplifier and each SWTDL has its own pulser. A schematic
diagram of the basic pulser circuit is shown in Figure 8a. The pulse generator
consists of a high-speed inverter Z1 and a high-speed NAND gate Zz. When the

pulser is enabled by a logic level from the frequency-hop sequence generator,
the A-input to 22 is high. When pulser clock occurs, the B-input to 22 sees a

transition from high to low that lasts approximately 100 nanoseconds, (see
Figure 8b). This pulse is also fed to inverter Z1 and the output of Z1 is fed
to the C-input of 22. The output of Z1 is delayed by Td seconds as a result of
the propagation delay of Zl' Thus, the B and C inputs of Z2 overlap each other

by Td seconds and as a result, the B and C inputs to Z., are both high for a time

2

T, as shown in Figure 8b. If the A-input of Z2 is enabled during this time, 22

produces an output pulse (D in Figure 8b) that is Td seconds wide. If the A-

input to Z, is not enabled, Z, does not produce an output pulse.
1Y 2 2 P put p

A
ENABLE 1%
D
PULSER C
CLOCK
Y24
N
Gy

b +12 VDC

TO SWTDL
INPUT
TRANSDUCER

A NOT

~——— ENABLED ——~{= ENABLED~>
° -~ 00N || '
p— | .
’ |
ASW-625-6 (b)

Figure 8. Schematic of Basic Pulser Circuit

A A
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The width of the pulses produced by the pulse generator is determined
by the propagation delav of Zl‘ Since pulse widths on the order of 10 nano-

seconds were required to excite the SWTDL's, Schottky clamped TTL inverters
were used for Zl’ Specifically, a Texas Instruments, Type SN74504 inverter, was

used as this device exhibits a propagation delay of approximately 5 nano-
seconds. The width of the pulse was made adjustable by means of a feed-around
capacitor Cl' The pulser clock input to Z1 was buffered by two additional

Schottky clamped inverters in order to eliminate the loading effect of capa-
citor C;, since pulser clock feeds all four SWIDL pulsers simultaneously.

The output of Z, is a 5-volt logic level transition This signal is
amplified by a pulse amplifier comprised of Q1 and Q- High-speed switching

transistors were used for Q1 and Q2 (2N4260's) in order to preserve the
rise and fall edges of the 22 output. The output of Q2 is a positive going

pulse with an amplitude of approximately 8 volts. The shape and amplitude
of the pulse was made adjustable by means of the speed-up capacitor C,-

In order to obtain the largest possible output from each SWTDL, an auto-
transformer was used to increase the amplitude of the Q2 output pulse, (T1 of

Figure 8). This transformer is comprised of an 8-turn trifilar winding on

an Indiana General CF-102-Q3 toroid core. An approximate voltage step-up of
three is obtained with this transformer with a resultant increase in SWTDL
output. When driving the input transducer of a SWIDL, the transformer pro-
duces a peak voltage of approximately 24 volts across the transducer. A
typical oscillogram of the transformer output (driving a SWTDL input trans-
ducer) is shown in Figure 9a. Tne negative transient immediately following
the pulse is due to inductive ringing in the transformer. The majority cof the
ringing caused by the transformer was eliminated by placing a transient sup-
pression diode across the transforme™ output as shown in Figure 8 and the rem-
nant ringing is that evident in Figure 9a. The frequency spectrum of the
pulser is shown in Figure 9b. Measurements indicated that the spectral energy

produced by the pulser at 70 MHz was approximately 8 dB lower than the energy
at 40 MHz.

4.  SWTDL MODULES

The 127-chip SWTDL's are placed in self-contained modules along with
their pulser circuits, matching networks, and output ampliifiers. This packag-
ing technique allows for maximum RF shielding between devices and, in addition,
provides a convenient means of varying the synthesizer configuration in terms

of center frequency, SWTDL codes, etc., because changes can be made at the
module level.

The SWIDL modules were fabricated from double-sided copper-clad PC hoard
material. Each module is a rectangular shaped box with a partition running
down the middle (Figures 10 and 11). The SWTDL's are mounted on the parti-
tion (Figure 10.) and gold leads connect the SWIDL transducer to feed-through
terminals which connect the input and output signals to the pulser circuit

18
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Figure 9. Pulser Output

and the output matching network. The pulser and matching network are mounted
on the other side of the partition. The gold leads arc fastered to the SWIDL
transducers with a si1lver epoxy cement which provides a good mechanical bond
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PULSE -~
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INPUT
INPUT
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INPUT :
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ASH-625-8 ENABLE
NEG 71-11-1248 INPUT

Figure 10. SWTDL Module, Top View

i
and a low RF resistance path. A top cover (not shown) protects the SWTDL sur-
face from damage and at the same time allows the SWTDL to be electromagnetically
shielded on all sides. A coupling pulse shield separates the input transducer
from the output transducer in order to minimize the amount of energy coupled
directly from the input transducer terminals to the output transducer terminals.

Figure 11 shows the position of the pulser circuit, output matching network,
and output amplifier. The pulser circuit is mounted on a small PC board that is
fastened to the center partition. A shield completely encloses the pulser cir-
cuit in order to eliminate coupling pulse radiation to the output matching net-
work. The pulser clock and pulser enable signals and input power are fed into
the module through subminiature connectors and capacitive feed-throughs.

The output matching network transformer is mounted on a small PC board
which is in turn mounted to the output transducer feed-throughs. A short coaxial
cable feeds the output signal from the tap on the transformer to the input of the
SWTDL module amplifier. The SWIDL module amplifier (Avantek, Type UA-151) pro-
vides 20 dB of gain to the output signal and delivers it to a subminiature RF
connector on the far end (in Figure 11) of the SWTDL module.
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Figure 11. SWTDL Module, Bottom View

The physical design of each SWTDL module is identical. #hen wounted on
the synthesizer chassis, the bottom of each module is completely enclosed (and
thus shielded). All that is requir2d for SWTDL module operation are appropriate
TTL compatible pulser clock and enable signals and input power (+12 Vdc and
*5 Vdc). The output of each module consists of the impulse response (of the
particular SWTDL mounted in the module) at a level of approximately -55 dBm into
50 ohms. The signal-to-noise ratio of all eight modules built measured +18 dB

in a 20-Miz bandwidth when the moduies were pulsed at a 78.7401 kHz (continuous
output signal) rate.

5. LOGIC DESIGN

With the exception of the Schottky clamped TTL logic used in the SKTDL
module pulser circuits, all of the logic used in the synthesizer is composed of
conventional dual in-line packaged TTL. The majority of the logic is contained
on two printed circuit cards and includes the frequency-divider circuit (divide-
by-127 and divide-by-60K) and the frequency-hop sequence generator.
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Divide-by-227 Ciremit

The 1018z system clock is divided by 127 to obtain a2 78.7491 kiiz
clock for Mode I operztiom, usimg 2 slightly modified binmary ripple
counter. A block dizgrem of the cownter is shown im Figure (2. The
most important design reguirement cn the cowmter is that it produces
2 pulser clock signal with 2 period of precisely 12.7 microseconds
in order to maintaipm symthesizer ccheremcy. I£f zn eréimary ripple
coumter were vsed to divide the 10-MHz ciock, wvariztions in the rip-
ple time with temperature zané power sugply would czuse variaticas

in the time positioca of the pulser clock relative to the 10-Miz
system clock. Im order to avoid these variations, the coumter

of Figure 12 operztes by cowmting up to 126, resetting to zero,
coumnting up to 126, etc. An AXD gzte looks at the six most
significzant bits in the coumter and AND's these six bits with

the 10-3Hz clock. When the 126th clock pulse occurs, it ripples
through the counter. Befeore the 126th ciock pulse has rippled
cozpletely through the couater, the 10-)z clock fa2lis iox and

the AXD circuit is diszbled. Afier the 126th clock pulse has
cozpletely rippled through the coumter, the six most significant
bits fed to the AXD gate are true so that the folloxing (127th)

clock) pulse. Thus, the pulser clock occurs on every 127th systen
clock pulse but is completely independent of any ripple time varia-
tions in the counter. As 2 result, the time position of the pulser
clock signai is essentially determiited by the stability of the
systea clock.

> _PULSER CLOCK
—— >.}"’ 78.7401 KHZ

6 HOST
SIGNIFICANT BITS

7-STAGE
10-MHZ CLOCK »! COUNTER

[:127)
ASH-625-10

Figure 12. Divide-by-127 Circuit

Divide-by-60,000 Circuit

The divide-by-60,000 circuit is used to divide the 10-MHz clock down
to 166.66 Hz for Mode II operation and, in general, uses the same
operating principle as does the divide-by-127 circuit. The divide-
by-60,000 circuit uses a 16-stage ripple counter that counts up to
59,999, resets to zero, counts up to 59,999, resets to zero, etc.
The reset pulse (and pulser clock output) of the counter is deter-
mined solely by the time of occurrence of each 60,000th system
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clock pulse and hence, the Mode IY puwiser clock is mot affected by
rigple time vzriztions in the comter.

c. PY Segrence Geoeraztor

The PW seguence wsed to determine the freguency-hogping petierm is
éeveloped by 2 six-stzze fredback shift register. The shift register
is clocked by the pulser ciock cutput of the freguency divider cir-
cuit z3d prodrces 2 maximzl length bimary sequence 63 chips in length.
The feedbzck tap equation for the gemerator is Am = Am | @ An 67
|- (i.e., the first =nd sixth stages are vsed 25 the feedback terms).

i The gemerztor employs zero suppression to eliminate the possibility

E of zn 211-zero state comdition in the shift register.

é. Freguency Select logic

Tke frequency select logic interprets the state of the PN sequence
generztor and generztes four signals that serve as the pulser encble

f signals for the four SKTIL mcdules. These signals are formeé by NORing

! the E, E, F ané F outputs of the PN sequence gemerator as shown i=

| Figure 15. Using this scheme, oaly one pulser enable lipe czn be

’ logically true a2t aay one time and heace oaly one of the four pulsers
can be eazbled zt zny one time.

CLOCK I —3{C 6-STAEE |
| ————fS  suier aecisten |
] ——»D _ _
SEBCDEEFTF —
| [ [ ]
40-131Z
l Py i | l ENABLE
! ¢ } : 50-FHZ
] | | | ENABLE
|
l * [ | 60-1mz
| ¢ | EuABLE
|1
| C. | 70-1mz
| v ¢ | ) | EWABLE
| V | | FrEquECY
YYYYY V¥V | SELECT
{ ZERO SUPRESSION | [_Losic_|
L PN SEQUENCE GENERATOR N
ASW-625-11

Figure 13. PN Sequence Generator and Frequency Select Logic
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6. RF GATRNG

Tee ouwtput of each SNIDL modnle is fed throwzk zn RF gate prior to com-
bining of the four signals in order to preserve the signal-to-moise ratio of
the resplrzmt signal zt the synthesizer cutput. Since each SWIDL module com-
t2ips its own curpus anplifier, the owtput of ezch module consists of 2 12.7-
microsecond SWIDL impulse respoase when the SNTZL is prised, ples 2 rexdom
noise component gererated by the SWIDL cuwtput azmplifier. This noise sigpzl is
present whether the SUTDL is pulsed or mot. If the four SKTBL sutputs were
combined withour BF gating, the resultant signzl would consist of the SWIDL out-
put signal power ?;, plus the cutput noise power of its owtput amplifier Pﬁ,

ples the ocutput coise power of the three other SYTDL zmplifiers. Since the
ocutput znplifiers and their effective noise bandxidths zre idencical, z2mné siitce
their pmoise powers zre umcorrelzted, the total oculput moise power would be 4?5

2nd the resultznt synthesizer cutput sigpal-to-noise ratio wouié be ?sI4Pn'

Hoxever, by gatimg only the sigpal gemnerated by z pulsed SHTDL mocule to the
synthesizer cutput, the resultant signal-to-noise ratio is ?slPﬁ which 3s z

6 dB improvement over the uagated case.

By increasing the synihesizer sucput signzl-to-noise ratio, the degree of
cohereacy zchievzble between 2z pair of otherwise (perfectly) matched symthe-
izers is improved, 5ince noise manifests itself 2s z rapdom phase jitier oa the
synthesizer outputs. In z practiczi situation, where the synthesizers woulcd
form part of 2 commmication system, the signal-to-noise ratio at the synthe-
sizer cutputs would have z éirect bearing on the performance of the system.

a. z2te Electronics

The RF switches used for gating and the electronics reguired to drive
thea are coatained in z sxitch module. A block diagraam of oae of the
switch circuits is shown in Figure 14 znd a2n interior view of the
switch module is shown in Figure 15. The switch, 2 Relcea Type S-7C,
i« driven by 2 bipolar constant current source. The constant cur-
rent source supplies +20 pilliazperes whean the switch is turned on and
-20 pa when the switch is turned off. Normally, the switch is turned
off. However, when the switch enable line is enabled by the frequency
select logic, a 12.7-nicrosecond one-shot (contained in the switch
module) is fired and this in turn causes the current supplied to the
RF switch to change from -20 milliamperes (the off condition) to +20
milliamperes (the on-condition) for 12.7 microseconds. At the end

of the 12.7-~microsecond period, the one-shot times out and the current
supplied to the RF switch reverts back to -20 milliamperes.

In order to prevent the current supplied to the RF switch from chang-
ing instantaneously (and thus causing a switching spike at the switch
output), the bipolar constant current source output is in*egrated by
capacitor C so that the current supplied to the switch changes linearly
and at a controlled rate. (The current changes polarity in about

500 nanoseconds in the present designj.
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b. Switch Emzdle Signals

The switch enzble signzls for the RF switch circmits zre generzued

in the fregreccy-bop sequence gemerztor. These signals follow the
szme seguence 25 do the prlser exable signazls, but zre delzyed inm
time gpproximately 4.9 microsevcods. The 4.9-microsccond delay is
necesszry to account for the delzy that ocours between pulsing 2
SWTPL -znd obtaining z SYTEL impulse response (2 consegrence of the
Earsiczl seperztion between ipput znd cutpwt transducers on the SWTDL
substrzees). Thams, when 2 parcicmizr SWIDL impulse response is just
bzgizmning, its corresponding BF switch hz2s just rurmed o2 znd remzins
oa for the i2.7-microsecond duratica of the impulse respomse.

The switch emzble sign-ls zre gemerzted as shown im Figure 16. Pol-
ser clock triggers z 4.9-microsecond cxe-shot znd its cutput is
APed with the 40, 50, 60, znd 70-Miz pulser enzble signzls. The
oze-shot is configured suce that zfter it bas timed cut, it enczbies
211 four AND gztes. The particular M) gate that is at that

time 21so emzbied by 2 pulser emzble signal thus produces 2 switich

enzble signzal.
Py SER GHz -SEOT
c|_ O'I:K > 4.9 i;S
i .
Q-7 | A%D £0-45Z SHITCH EHAPLE
FULSER EIABLE
¢—1
50-1517 5D »50-FHZ SHITCH ENABLZ
PULSER ENABLE
¢Q——
60-1HZ AND 60-FHZ SHITCH ERABLE
PULSER ENABLE
70-#HZ AND 70-KHZ SWITCH ENABLE
PULSER ENABLE
ASH-625-14

Figure 16. GATE Enable Generation

c. Output Attenuators

The output of each RF switch is fed through an attenuator before
leaving the switch module. The purpose of the attenuators is to
equalize the SWTDL outputs so that the average signal level of the
synthesizer output is the same from frequency-hop to frequency-hop.
The attenuators are resistive Pi pads designed for input and output
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Impedznces of 50 olms so thir, in zddivion to eguelizinmg the SUTBL
modnle owtputs, the attenuztors provide 2 colid S0-ofm temmimztion
for the BF switch and power combimer.

7. SIGNAL SUDBATION

Semnzticn of the SWIPL ocutput sigpals is performed using a five-port
rezctive hybrid power combimer, (2 Merrimzc Resezrchk model PB-40-55). Tkis
éevice provides essentially lossless combining of the SWIDL cutputs, while pro-
viding excellent phase zmd zmpiitude balance between signals. A reactive
hybrid is vsed rather then 2 resistive svmmer in order to avoid the rather
large imsertion loss thzt would be svifered us).g 2 resistive sumer.

8. OUIPUY GAIN

The ouiput of the power combinmer is fed to aa amplifier msdule which
provicdes 60 dB of ga2in. The zmplifier mocdule is composed of z casczde of two
Avantek UA-1I51 zmpiifiers followed by aa Avezatek UA-152 amplifier. All
thres of these amplifiers are characterized by their wicde hundwidth (20 to 250
MHz), flat amplitude respoase (20.5 éB from 20 to 250 ), 2nd linear phase
response, (a2 measured 3-degree deviation from perfect phase iinmearity over
the 30 to 80-8z frequency raage). The UA-152 amplifier has a relatively
high 1 B compression point (+10 dBm) and this alloxs it to provide a synthe-
sizer output level of zpproximately -5 dBa into 50 ohms that is free from
spurious products.

The UA-151 azplifiers are identical in gain, bandwidth, and amplitude
flatness to the UA-152. The UA-151 has a2 somewhat better noise figure (3.5
dB), than the UA-152 und hence is used as the first two stzges in the output
aoplifier chain. (Because of their excellent noise figure, UA-151's are also
used as the S¥TDL output amplifiers in the SKTDL modules).

9.  SYNCHRONIZATION
a. Frequency-Hop Synchronization

Synchronization of the frequency-hop sequence generators in
synthesizers No. 1 and No. 2 i< performed by means of the synch-
ronization circuitry shown iu Figure I7. As mentioned previously,
the frequency-hopping segr.iice is genc rated using a six-stage
feedback shift register. 1In synthesizer No. 1, the six states

of the shift register are continuously monitored by a sync recogni-
tion gate. The sync recognition gate recognizes the 6-bit sequence
101010. This sequence occurs only one time per 63-bit PN frame.
When this point in the PN frame occurs and is recognized, the sync
recognition gate sends a pulse to the data input of a D flip-flop.
The flip-flop is clocked by pulser clock and transfers the logic
level at its data input to its output on each clock pulse. Normally
the data input is low and, therefore, the flip-flop output is low.
When the 6-bit sync sequence is recognized however, the flip-flop
datz input goes high and, therefore, the D flip-flop output is
clocked high and forms the PN sync pulse sen. to synthesizer No. 2.
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Figure 17. Frequency-Hop Synchronization

The PN sequence generator in synthesizer No. 2 is basicaliy the

sane type of sequence generator as is used ia synthesizer No. 1,

but in addition, it has a sync word genmerator. The PN sequence
generator in synthesizer No. 2 operates exactly the same way as

does the PN sequence generator in synthesizer No. 1 except for when

a PN sync pulse occurs. When the PN sync pulse occurs, a 6-bit sync
word is parallel-transferred into the six stages of the shift register
forming the synthesizer No. 2 PN sequence generator. This 6-bit word
is generated by the sync word generator as a result of the occurrence
of the PN sync pulse. The sync word generator maintains the 6-bit
word until the next clock pulse occurs following the clock pulse that
caused PN sync to be recrgnized in synthesizer No. 1. When this
clock pulse occurs, the PN sequence generator in svnthesizer No. 1
cycles to the next state in the PN sequence (specifically 110101)

and the 6-bit word that is transferred into the synthesizer No. 2

PN sequence generator is }10101. At this poiant, both PN sequence
generators contain the 6-bat word 110101 and are therefore syn-
chronized. As succeeding clock pulses occur, both PN sequence
generators produce the same sequence of bits as the feedback logic

in both sequence generators is the same.
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b. Pulser Clock Synchronization

A synchronization circuit is required to insure that the pulser
clocks in synthesizers No. 1 and No. 2 occur a2t the saze tine.
(Pulser clock sync assumes that the 1G-MHz clocks in both synthe-
sizers ave syachronized. In addition, pulser clock sync is required
before frequency-hop symchronization can occur).

. Pulser clock syac is obtained by cosparing the pulser clocks produced
by synthesizers %o. 1 and No. 2 in a pulse comparator circuit. The
comparator circuit is located in synthesizer No. 2 and pulser clock

- from synthesizer No. 1 (pulser clock No. 1) is hard wired over to
synthesizer No. 2. The cozparator circuit produces an enable signal
which is used to control the 10-MHz clock pulses fed to the frequency
divider circuit in synthesizer No. 2. Under normal operating condi-
tions, when the pulser clocks are synchronized, the comparator cir-
cuit continuously enables (10 MHz) clock pulses to the synthesizer
NXo. 2 frequency divider circuit. When the pulser clocks are not
synchronized however, the comparator circuit detects this condition
and (by means of its emable signal) deletes the (10 MHz) clock
pulses from the 10-Miz clock fed to the frequency-divider circuit in
synthesizer No. 2. The comparator circuit makes the enable-disable
decision on every occurrence of pulser clock No. 2, thereby deleting
one (10 MHz) clock pulse at a time until pulser ciocks No. 1 and
No. 2 are synchronized.

In Mode I operation. pulser clock is derived by dividing the 10-MHz
clock by 127, thereby producing a 78.7401 kHz pulser clock rate

In the worst-case condition, the synthesizer No. 2 divide-by-127
circuit could be out of sync with the synthesizer No. 1 divide-by-
127 circuit by 126 states. Since the pulser clock comparator cir-
cuit makes a decision once every pulser clock (i.e., every 12.7
microseconds), the worst-case sync time in Mode I is 126 times 12.7
microseconds or 1.6 milliseconds.

In Mode II operation, pulser clock is derived by dividing the (10
MHz) clock by 60,000, thereby producing a 166.66 Hz pulser clock
rate. In the worst-case condition, the synthesizer No. 2 divide-
by-60,000 circuit could be out of sync with the synthesizer No. 1
divide-by-60,000 circuit by 59,999 states. Since, in this case, the
pulser clock comparator circuit makes a decision once every 6 milli-
seconds, the worst-case sync time is 59,999 x 6 milliseconds or
approximately 6 minutes. This synchronization time would be quite
objectionable if the synthesizers were to be used in a data trans-
mission system. However, for phase coherency testing, the 6-minute
maximum sync time did not prove to be particularly bothersome. For
this reason no attempt was made to reduce the Mode II pulser clock.
sync time. It should be realized however. that through a somewhat
more complexly implemented synchronization circuit the worst-case
Mode 11 sync time could be reduced to approximately 6 milliseconds.
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VCX0 Sync

The phase coherency between synthesizers is basically determined by
the phase coherency between the 10-MHz clock in synthesizer No. 1 and

the 10-MHz clock in synthesizer No. 2.

The 10-MHz clock in synthe-

sizer No. 1 is derived from an ovenized crystal oscillator with a

short term stability of #1 part in 1010 per minute. The 10-MHz clock
in synthesizer No. 2 is derived from a 10-MHz VCXO which is phase-lock-
ed to the 10-MHz clock in synthesizer No. 1.
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CONTROL [ VCXO
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CIRCUIT
-
- — +V
ASH-625-16 86 ADJUST

Figure 18. VCXO Sync Circuit
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A block diagram of the VCXO sync circuitry is shown in Figure 18. The
10-MHz square wave produced by the 10-MHz crystal oscillator in
synthesizer No. 1 is fed to a filter amplifier comprised of Q, and Qz.
Bias circuitry is omitted in the schematic for simplicity. Tﬁe Ll’
Cl’ C2 tank circuit is tuned to the 10-MHz funadmental of the square
wave and produces a 10-MHz sire waye which is buffered by emitter
follower Q2. The 10-MHz sine wave is fed through a resistive pad
with a 50-ohm output impedance and then to synthesizer No. 2 via a
coaxial cable.

The 10-MHz reference sine wave from synthesizer No. 1 is fed to the

"L" port of a Relcom Type Ml double-balanced mixer located in synth-
esizer No. 2. The 10-MHz squre wave from the synthesizer No. 2 VCXO

is filtered, amplified, and the resultant 10-MHz sine wave is fed to
the "R" port of the double balanced mixer. The mixer functions as a
phase detector and produces an error signal at its "I" port proportion-
al to the cosine of the phase difference between the 'L'" and "R" port
10-MHz sine waves.

The error signal is fed to a loop filter comprised of lag-lead network
Ra’ Rb’ Ca and amplifiers A; and A,. Amplifier Aq provides unity gain

and a very high input impedance to prevent loading of the lag-lead
network. Amplifier A2 provides a voltage gain of 10 and also a dc

offset adjust for the crror signal. The output cof A2 is fed to the

VCX0 as its control signal. This circuit is a second-order phase
lock loop with a loop bandwidth of 100 radians/second and damping
factor of 0.5. The ¢ adjust control allows the relative phase of
the synthesizer No. 1 and No. 2 10-MHz clocks to be adjusted so as
to maximize the phase coherency between synthesizers.

10. MECHANICAL LAYOUT

The mechanical layout of the synthesizers is shown in Figures 19 through
26. Both synthesizers (Figure 19) are mounted in separate chassis measuring
16-5/8 inches wide by 13-1/4 inches deep by 5-1/4 inches high. The front
panels of both synthesizers are identical and contain the system power switch,
oscillator oven power switch, mode switch, and output connector (Figure 20).
The oven power switch allows the 10-MHz oscillator primary power to be turned
on while the rest of the system is off to enable the oscillator to stabilize.

The rear panel of synthesizer No. 1 (Figure 21) contains input power
terminals (+5 vdc, +12 vdc, -12 vdc and +28 vdc) and, in addition, contains
output connectors for the 10-MHz clock reference, pulser clock and PN sync
pulse synchronization signals fed to synthesizer No. 2. An additional con-
nector provides a Mode II timing pulse signal used in phase coherency measure-
ments. (This is discussed later in Section V, Testing).

The rear panel of synthesizer No. 2 is shown in Figure 22. It contains
input power terminals and connectors for the 10-MHz reference, pulser clock,
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and PN sync pulse synchronization signals generated by synthesizer No. 1. A
connector which provides a replica of the 10-MHz VCXO square wave output is
also available as a convenience for testing purposes.

Each synthesizer chassis is separated in the middle by a chassis plate.
A top view of synthesizer No. 1 (Figure 23) shows the placement of 10-MHz
crystal oscillator, 10-MHz filter amplifier, the four SWTDL modules, and the
frequency-divider and hopping sequence generator digital logic cards. The top
view layout of svnthesizer No. 2 is essentially the same and is shown in
Figure 24.

The bottom view of synthesizer No. 1 (synthesizer No. 2 is identical) is
shown in Figure 25. As can be seen, the RF switch module, power combiner, and
output amplifier do not occupy very much space. It is evident from Figures
23 through 25 that the synthesizers size could have been made significantly
smaller if the need had arisen.

Figure 26 shows a top view of synthesizer No. 2 with the frequency-
divider and hopping sequence generator logic cards tilted up for access. The
logic cards (three in each synthesizer), are hinged on one end so that they
may be tilted upright to be worked on. Normally the cards lie parallel to
th2 chassis plate. Three cards were provided for each synthesizer but only
two each were used, one for the frequency divider circuit and one for the hop-
ping sequence generator. The third card was provided as a spare for future
system expansion (i.e., for modulation circuits and so forth).

ASW -625-17
NEG 72-8-2319

Figure 19. Synthesizers No. 1 and No. 2
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Figure 21. Rear Panel, Synthesizer No. 1
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'Figure 22. Rear Panel, Synthesizer No. 2
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SECTION ¥

TESTING

The primary goal of system testing of the two synthesizers was the deter-
minztion of the degree of phase coherency attainzble between synthesizers ahen
operating in Mode I and Mode II conditions. The measvrencais of phase coberemcy
between synthesizers required the fzbrication of z coherency test set ané the
following parzgraphs describe the theory of operation of the test set axd the
procecures used during coheremcy testimg.

I. THEORY OF PHASE CORERENCY TESTENG

When the two synthesizers are synchronized, the zero crossing of their
ocutput waveforms should (idezlly) coimcide at all times if perfect phase ccher-
ency 1s zchieved. The degree to which the zero crossings do not coinciée
is, therefore, a measure of the imncohereacy between synihesizers. The
requirements on the phase coherency test set were then the determimation of
the RUS value of the variation in cero crossings a2s the syathesizers hopped
a2bout in frequeacy.

The basic method chosen for measuring phase coherency between synthesizers
was that of =ultiplying the synthesizer cutputs by ezach other in 2 doubie-
balanced mixer. As the result of this operatioan, 2 signal evoives that is pro-
portional to the phase éifference between synthesizers. (A double-balanced mix-
er, vhen used as a product detector, produces aa output proportional to the
cosine of the instantaneous phase difference between input signals.)

2. PHASE COHERENCY TEST SETUP

A bilock diagran of the phase coherency test setup is shown in Figure 27.
The 10-MHz coscillator u.ed as clock in synthesizer No. 1 and the 10-:Hz VCXO
used as clock in synthesizer No. 2 are shown separate from their respective
synthesizers in order to simplify the test setup description. It is assumed
that the 10-MHz clocks, pulser clocks, and freguency-hopping sequences of the
two synthesizers are synchronized via the synchronization circuits previously
described.

The pnase coherency test set has two channels: A and B. The output of
synthesizer No. 1 is fed to channel A, while the output of synthesizer No. 2
is £.3 to channel B. Ideally, the output of each synchesizer is a constant
envelope biphase modulated signal. In practice, the signal will have ampli-
tude modulations due to band limiting of the surface wave device outputs {they
are acoustically bandlimited to 10 MHz by the input and output tranducers).
In addition, slight variations between surface wave device output amplitudes
exists and this cannot, in practice, be perfectly compensated by the equalizing
attenuators in the switch module. In order to eliminate these amplitude
variations from the phase coherency measurements, the output of each synthe-
sizer is, therefore, fed through a wideband limiter in the test set in order to
strip off the amplitude modulations.
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Figure 27. Phase Coherency Test Setup

Each limiter output consists of the fundamental component of its
input signal plus odd Lkammonics of the input signal. Therefore, for an
input signal centered at 40 Mz, the limiter produces an output at 40 Miz,
120 MHz, etc. In order to eliminate the effect of the odd harmonics, the
limiter outputs are lowpass-filtered. The lovpass filters cut off at approxi-
mately 75 MHz in order to pass the fundamental component of the 70-MHz SWTDL
outputs. The outputs of the lowpass filters are fed through RF switches
(necessary for Mode II coherency testing and described later), are amplified,
and are fed to a double-balanced mixer used as a phase detector. The mixer
multiplies the two signals and produces an output composed of a double-
frequency component and a second component which is a function of the instan-
aneous phase difference between synthesizer outputs. The mixer output is
lowpass-filtered to remove the double-frequency component a.d the result
is fed to a true RMS voltmeter that provides data to determine the RMS value
of the synthesizer phase difference. RF voltmeters monitor the signal levels
fed to the balanced mixer in order to eliminate the effect of m:xer input
signal variations from the phase coherency measurcment. A detaiied analysis
of the mathematics involved in the phase measurement process is given in
Appendix A.
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in Yode 1B, the symthesizer cutpumts occer for pcrm@ds of 32.7 micro-
seconds 2t & mifliseconds intervals. During the vemziming time, the mixer
receives 2 random phasy sigpal from the iimiters whick could cawse errors in
the coferency measgremeni. I order to eliminzte these errors, the limiter
ocutputs are suppressed auhen the synthesizer outputs are zero by aeans of the
RF switchies previously described. Tire RF switches are turmed on by z Node
il timing pulse zemerated by smthesizer No. 1. The pulse occurs just orior

-

to z burst of RF from the synihesizers and turns the RF switches om for 2.7

microseconds every ¢ millisecconds. Im Mode I cperztiom, the RF switches remzip

on continuously, since in MNode I the symthesizer outputs are comiinuous. A
photograph of the phase coberency test set is showm im Figure 2S.

3. TESYT PROCEDURES

As Jescribed mathematicaliy in Appendix A, the phase cohereacy test
procedures imvolve the measurement of the test set cuiput signals when the
s:nthesizer No. 1 signal is compared with itseif im the test ser and when
the synthesizer No. 1 output is compared %i
The measurezent of syathesizer No. 1 agaias self is requireé ip order to

<
deteraine 2 (prriect coherency) refereace signal froz the ‘tesr set. This is
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Figure 28. Phase Coherency Test set
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accomplished as shown in Figure 29 by splitting the synthesizer No. 1 output
into two identical compoments in 2 wideband power splitter zad zpplying these
two signals to the A aznd B inputs of the test set. The input signals to the
doudle-balanced mixer (Al and Bl) and the rezding on the true RMS voltmeter

(En RS (MAX)) are recorded. After these readings are taken, the test set is

fed from synthesizers No. 1 and No. 2 a2s shwxa in Figure 30. The mixer input
and true RMS volwmeter rezdings A, B,, and E' RMS are recorded. The RYS phase

difference between syntkhesizer cutputs is then gZiven by the eguatioa

B,J[E,' RS .
$ Tms ‘IV J.%- 74 [A’ = ILE RE GED )wz..h

¢rms in radizns. The szze procedure is used for both Mode I and Mode II phase
coherency measurezents (see Appendix A).

In order to verify the accuracy of phase coherency measurenents obtained
using the above-centijned equipcent and procedures, an additional test was
perforzed whereby a2 phase shift of one radian at 70 Miz was introduced in the
test setup when synthesizer No. 1 was compares against itself. This was accom-
plished by adding 2 length of coaxial cable yielding 9nproximately one radian
of phase shift at 70 ¥z between the power splitter and A channel input of the
test set. Since the coax exhibits a lirear phase shift vs. frequency char-
acteristics, the phase shifts produced at 40, 50, and 60 MHz were 4/7 radian,
5/7 radian and 6/7 radian, respectively. Based on the average occurrence of
40, 50, 60, and 70-)#z SATDL outputs in the frequency-hopping sequence (this is
known since the frequency-hopping sequences is known), the RMS value of phase
shift produced by the coaxial cable was calculated to be 0.7602 radians. Thus,
an expected value of phase shift was available for comparison with values as
determined by the phase coherency test ser. (The coaxial cable wvas cut for 1
radian phase shift at 70 MHz. Measurements using a vector voltmeter indicated
it actually produced a phase shift of 0.942 radians at 70 MHz. The measured
values of phase shift produced by the cable at 40, S0, 60, and 70 MHz were
used to calculate the expected phase shift of 0.7602 radians). The results of
this experiment and of the general phase coherency measurements between synthe-
silzers are included in the Test Rezults, Section VI.
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SECTION VI

TEST RESULTS AND SYSTEM PERFORMANCE

1.  OUTPUT WAVEFORMS

The following photographs illustrate some of the output waveforms produced
by the synthesizers. Figure 3la is an oscillogram of the synthesizer outputs
in Mode I operation amd illwvstrates the continuous nature of the output signals.
Figure 31b shows the output in Mode II operation and illustrates the 6-milli-
second periodicity of the sigrals. Figure 32 shows a more detailed view of the
40, 50, 60, and 70 MHz outputs of the synthesizers. The biphase modulations
representative of the 127-chip PN codes contained on each SWTDL become evident
in this figure as is the near-constant amplitude of the signals. Figure 33 is
a more detailed view of the synthesizer outputs in Mode II operation. In this
oscillogram, the 40, 50, 60, and 70-MHz RF bursts are superimposed. Figure 34
shows the biphase modulation produced by the pscudo-random coding of a {(6C MHz)
SWIDL output transducer. Each PN chip is 100 nanoseconds long as a consequence
of the 10 megabit/second PN chip rate inherent in the SWTDL design. Figure 35
illustrates the initial conditions on the 60-MHz PN code (the initial conditions
for all four codes cre the sare). In this oscillogram, a 50-MHz burst has just
ended and the 60-MHz burst is just beginning. Figure 36 illustrates several
points in the frequency-hopping sequence where transitions from one frequency
to another occur. As can be seen, the transitions are smooth and in most cases
the change in frequency is quite apparent.

Figure 37a is a frequency domain representation of the synthesizer output
displayed; 10-MHz per division in the horizontal axis and 10 dB per division on
the vertical axis with the center of the spectrum centered at 55 MHz. The

(sin x/x)2 shape of each SWIDL output is clearly evident as is the line structur-
ing of the energy contained iun the spectrum. Figure 37b is the same spectrum
displayed ac 5 MHz per horizontal division. Figure 37c is an individual display

of the 50-MHz spectrum. The high-frequency side lobe of the (sin x/x)2 spectrum
is slightly lower than the low-frequency side lobe because of the rolloff in
pulser spectrum.

2.  TEST RESULTS

A number of phase coherency measurements were made in order to determine
«.. average value of phase coherency between synthesizers. The tests revealed
an average departure from perfect phase coherency between synthesizers of
16 degrees RMS in Mode T operation and 18 degrees RMS in Mode II operation.
The two parameters which had the most effect on attainable coherency were the
SWIDL output matching network tuning and variations of the 5-volt supply
voltages used by the synthesizer logic. Variations in SWTDL output matching
network tuning affected coherency because of the nonlinear phase shift vs.
frequency (i.e., dispersive) characteristics that resulted from mistuning
the matching networks. Variations in 5-volt logic supply affected ccherency
because of variations in logic thresholds (and hence, in pulser clock time
position) that occurred when the logic supply voltage was varied.
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Figure 31. Synthesizer Output
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SYNTHESIZER NO. 2

SYNTHESIZER NO. 1
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Figure 33. Superimposed Mode II Output
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Figure 34. Biphase Modulation
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ASW-625-33 (c) 50 MHz

Figure 37. Synthesizer Frequency Spectrum
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As would be expected, the =ost significaat coatribution to incoherency
occurred during the 70-}MHz segments of the frequency hopping sequence ané the
least significant coatribution occurreé during the 40-)Miz segments. This
eifect can be seen in the osciliograzms of Figures 38 and 39. Figure 38z is an
oscillograa cf the phase coherency test set phase error voltage (the signal
zeasured by the true RMS voltmeter, see Figure 27). The top trace represents
the error voltage produced when synthesizer No. 1 is split into two comzponents
with one cooponent delaying ome radian at 70 MHz as previously described. The
boitoa trace is the error voltage produced when synthesizer No. 1 is conopared
with synthesizer No. 2. The upper trace shows the variations irn the dc level
of the error voltage that occur as the synthesizer hops fron one frequency to
another. (A O-volt error voltage level would represent a 90-degree phase re-
lationship between test set input signals as the test set double-balanced mixer
takes the cosine of the phase difference between input signals).

Figure 38b is a comparison of error voltages for synthesizer No. 1 com-
pared with synthesizer No. 2, (upper trace), and of synthesizer No. 1 split into
two identical (and theoretically perfectly coherent) components (lower trace).
Figures 38z and 38b were taken in Mode I operation with the same time base and
at the same point within the frequency-hopping sequence and thus, their hori-
zontal axis correspond to the same points in time. Note in Figure 38b that the
portions of the upper and lower traces corresponding to the 70-MHz segment are
noticably different, while the 40, 50, and 60-MHz segments are nearly identical.

Figure 39 shcws the error voltages in Mode II operation. The trace on the
left in Figure 39a shows the superimposed error voltages for the 40, 50, 60, and
70 MHz segments when synthesizer No. 1 was split into two identical components.
The trace on the right of Figure 39a shows the error voltages for synthesizer
No. 1 split and the one radian phase shift at 70 MHz installed. The cifferent
error voltage levels for the 40, 50, 60, and 70-MHz segments are clearly evident.

Figure 39b shows the error voltages for synthesizer No. 1 split into two
identical components (left trace) and synthesizer No. 1 compared with syn-
thesizer No. 2 (right trace).

As mentioned previously, the one radian (at 70 MHz) phase shift coaxial
cable was used to check the accuracy of the test set and test procedures. It
theoretically should have provided an RMS phase incoherency of 0.7602 radians
over the 40-Miz hopping bandwidth. 1In practice, RMS phase incoherences of
about 0.776 radians were measured using the test cable which represents a
difference of about 1 degree from the theoretical and measured values.

Additional testing was performed to determine the effect of temperature
on synthesizer operating characteristics. For these tests, synthesizer No. 1
was placed in an environmental chamber, while synthesizer No. 2 and the coherency

. . o .
test set were kept in the ambient (25°C) laboratory environment.

Synthesizer No. 1 was stabilized at +55°C and checks were made of
synchronization circuit performance, signal output amplitude, and coherency.
The output amplitude remained constant and no problems werc encountered with
either the pulser clock or PN synchronization circuits. A shift in phase between
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the 10-Miz clocks in synthesizer No. 1 and No. 2 occurred, but this was
compensated by meaas of the 24" adjustment in the syathesizer No. 2 phase
lock loop circuit. The variation in phase coherency between the 10-)8iz
clocks had been expected, because po zttempt at temperature compensation was
included in the 10-Miz clock synchroaization circuitry design.

The measurements of phase incoherency beiween synthesizers indicated
an incoacreacy of about 21 degrees RYS in Mode I operztion and 22.5 degrees
RMS in Mode II operation. This represented an average degradation of zbout
4.5 degrees RMS relative to the values of ccherency obtained when both
synthesizers were at acbient teoperature. Bas~d on the tecperature coefficient
of ST-Quartz and the operating characteristics of the synthesizers and coher-
ency tesg set, the value of coherency degradation expected (due strictly to
the 30°C temperature difference between synthesizers) was calculated to be
approxinmately 3.7 degrees RMS.

Synthesizer Nc. 1 was then stabilized at 0°C and checks were again made
of synchronization, output amplitude, and coherency. No problems were
encountered with the synchronization circuitry (except for a readjustment
of the relative phase of the 10-MHz clocks), and the output amplitude remained
constant. The measursment of phase coherency bestween synthesizers indicated
a degradation of about 1.5 degrees RMS in Modes I and II relative to the
values obtained at ambient. This result corresponded reasonably well to a
calculated degradation of 2.6 degrees RMS based upon a 25°C difference in temp-
erature between synthesizers. The differences between measured and calculated
coherenc;” degradation are most likely due to the degree of measurement error
possible with the phase coherency test set.

The conclus:ons drawn from the temperature tests were that (at least
between 0°C and +55°C) the phase coherency between synthesizers was not
seriously degraded and that the majority of the degradation was the result
of the temperature difference between the surface wave devices.

3.  COMPONENT FAILURES

During the course of system integration and testing, both synthesizers
accumulated a considerable amount of operating time (a conservative estimate
is 400 hours). During this time, the only component failure noted was the
silver epoxy bonds used to fasten gold wires to the metalized pads of the
surface wave device input and output transducers. In several instances, it
was noted that a surface wave device output signal would become distorted
and/or low in amplitude. In each case, the problem resulted from a high-
ohmic resistance between the gold wire and the transducer metalization.
Apparently, some type of oxidation process occurred which prevented a satis-
faciory electrical contact between the silver particles contained in the
silver-epoxy adhesive and the goid wire or transducer metalization. In each
case, the problem was solved by passing a small electric current through the
epoxy bond by placing one probe of an ohmmeter on the gold wire and the
other probe on the transducer pad metalization and switching to the high-
resistance scale of the ohmmeter (a Simpson model 260 was used). Apparently,
the ensuing flow of current would destroy the oxidation because in all cases,
a low-ohmic resistance would then be achieved. This problem occurred in three
separate SWIDL epoxy bonds during the course of system fabrication, but once
corrected, no additional problems appeared.
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; SECTION VII
1 FUTURE MORK AND RECUMMENDATIONS

1. FUTURE KORK

Based upon the results achieved to date on synthesizer performance, it
- has been decided to expand the capabilities of one of the synthesizers such
that it will produce a coherent frequency-hopped waveforn of 100-}iz band-
width. The modified synthesizer will employ seven surface wave devices and
will generzte a waveforn covering a frequency range fro= 35 Mz to 135 Mi=.
This synthesizer will have the capability of phase shift key modulating the
waveforn with binary datz at either 2249 bits/second or at 10 cegabits/
second. In addition, the synthesizer will have the capability of producing
a 100-MHz pseudo-randonly hopped waveform or a sequentially hopped waveform
whose bandwidth car be varied from 10 ¥MHz to 100 MHz in seven imcrements.

e
4

Associated with the modified synthesizer will be a data synchronizer that
3 will be capable of dehopping the synthesizer output waveform, matched filter
i detecting the dehopped pseudc-noisc signal, demodulating the signal and recon-
: structing the 2249-bit/second (or 10 megabits/second) information orginated
’ at the synthesizer. The data synchronizer will employ surface wave devices
as parallel correlating matched filters and a surface vave device re-entry
delay line for coherent predetection integration when in the 2249-bit/second
data mode. The data synchronizer will also employ a surface wave device
- local oscillator injection synthesizer to translate the incoming frequency-hopped
£ signal to a common processing signal frequency.

e 2
BF 1

2.  RECOMMENDATIONS

The 40-MHz bandwidth ril/PN synthesizer development described in this report
¥ demonstrates the feasibility of employing surface wave devices for coherent
P FH/PN waveform generation. In the context of the equipment performance achieved
to date, certain recommendations can be made regarding future development efforts
on these specific (40-MHz bandwidth) equipments.

a. Filtering

Bandpass filtering to restrict tiie spectrum occupancy of each indivi-

dual SWTDL can be incorporated into the SWIDL transducer design. This
i is an important and necessary requirement of a FH/PN synthesizer (no
4% matter how implemented) intended for use in a wideband communications
A system operating in a multiuser environment. Bandpass filtering with

surface wave devices is a natural application of their characteri-tics
. and much development work has been performed recently both by Magnavox
and other surface wave technology houses.

. b. Offset Quadriphase Modulaticn

The usc of offset quadriphase modulation of the synthesizer wavcform
should be considered in view of the reduced spectrum splatter it can
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provide in 2 practical FH/PN rmultiuser system. (A discussion of
spectrun splatter ip relation to various shift key codulation
techniques is presented in Appendix B.) As pointed out in Appen-
dix B, the effect of coxmunications channel nonlipearities

can restore the spectrua splatter in pretrapsmission filtered
biphase and conveantional quadriphase modulated sigmals. Offset
quadriphase nodulation can reduce this effect and can be imple-
pented in the desin of the SWTDL tramsducers.

Code Diversity

A criticism occasionally rzised regarding the use of surface wave
devices for the generation of PN modulated waveforms is the lack of
PN code diversity provided, since the PN code generating surface wave
device patterns are normally fixed. Tinis is not necessarily true,
hovever, since recent developments in the technology demonstrate
that programmable tap surface wave devices are feasible and in fact
have been built. If the need for programmable tap devices truly be-
comes a system requirement in a practical application, the techno-
logy required to provide this versatility exists and can be applied.

Multifunction SWTDL's

The four SWTDL signai generators used in each synthesizer were fabri-
cated on separate quartz substrates. This was done mainly for ccn-
venience since the synthesizers were a breadboard development. In a
more practical application, the four SWTDL's coulu be fabricated on
a common SWIDL substrate thus affording a significant savings in
space. If this were done, it is possible that the four output trans-
ducers could be summed on the SWTIDL substrate, thus eliminating the
need for the power combiner required in the present design. The
bandpass filtering, offset quadriphase modulation and switchable tap
devices previously described could, of course, also be incorporated
at the same time.

Synthesizer Logic

The digital logic used in the synthesizer breadboards is composed
entirely of discrete dual in-line TTL devices. A large portion of
this logic could have been implemented using a low-speed, low-power
consumption logic type such as COSMOS. TTL is a high-speed logic
family and needs only to be used in specific portions of the syn-
thesizers, such as in the SWIDL pulser circuits and the higher operat-
ing speed portions of the frequency-divider circuits. In addition

to the use of a lower speed logic family, the majority of the logic
could be fabricated using medium or large-scale integration in order
to significantly reduce the amount of physical volume and interdevice
wiring required.




APPENDIX A

MATHEMATICAL ANALYSIS GF PHASE COHERENCY MEASUREMENT

This analysis is based on the phase coherency test setups de-
scribed in Section V of this report.

Let the output from Synthesizer No. 1 after passing through a
perfect limiter/filter be given by:

El(t) = A{t) cos (wt)

Let the output from Synthesizer No. 2 after passing through a
perfect limiter/filter be given by the following equation.

Ez(t) = A(t) cos (wt + ¢(t))

where: A(t)

the amplitude of each synthesizer output after limiting.

A(t) has a constant magnitude |A| and a polarity deter-
mined by the phase reversals of the SWIDL maximal length

sequence codes. Consequently, A(t) = #|A] .

€
]

the radian frequency of each synthesizer ouipu..

¢(t) = the instantaneous phase difference between Synthesizer

No. 1 and Synthesizer No. 2 outputs. Note that ¢(t) is
comprised of two components: A deterministic component
result. from variations between corresponding surface wave
tapped delay lines in each synthesizer and by differences
in the RF pulsers and other RF portions of the two synthe-
sizers. A random component results from the effect of the

thermal noise associated with each synthesizer output.

A perfect limiter is assumed -- a limiter that produces a
constant amplitude output signal regardless of the ampli-
tude or frequency of the input signal. Measurements of
synthesizer performance utilizing practical limiters is
discussed later in this appendix.

The synthesizer outputs El(t) and Ez(t) are multiplied in a
double balanced mixer and produce a resultant output voltage Eo(t) s

where

Eo(t) = K A(t) ccs (wt)A(t) cos (wt + ¢(t))

A-1 (/{7
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Eo(t) can also be written as

2
By () = S [cos 2ot + 4(8)) + cos (4(£))]

K = the gain of the mixer in voits/(volt)?2.

The mixer output Eg(t) is fed through a lowpass filter with
cutoff frequency . . Since the highest output frequency of the synthe-
sizer is centered at 70 MHz and will have significan* spectral components
extending to 75 MHz, the filter will cutoff at approximately 75 MHz.

The output of the lowpass filter, EO'(t) , is then

)
Fo' (1) = l—<—é§£2-[cos (6(t))]

EO'(t) is a measure of the instantaneous phase difference between Syn-

thesizers No. 1 and No, 2. The signal EO'(t) is fed to a true rms
voltmeter which measures the true rms value of

2
LA feos (o(1)]
Note that

Az(t) = [iIAI]Z = A

Therefore,
2

E,'(8) - 5P [cos (o))

Cos (4(t)) can be expressed by the series expansion

2 4 2N
= $7(t) o7 (r) _1\N
cos (¢(t)) =1 - 5 T coe . (-] (%Eﬁft)>

N=0,1, 2, ..., ¢(t) in radians,.

For small ¢(t), the series can be truncated to

2 4
cos ¢(t) = 1 - ¢zft) . ¢4§t)

Hence, EO'(t) can be expressed as

Ve = K AZ HOENOR
EO (t) == [1 - 7 + T J
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Some mathematical manipulation of the preceding equation results
in the following

2B (1) .2
= EO"(t) =1-4%

N

K A2

4 2
$"(t) . ¢2!(t) + 1 - Eon(t) =0

4!

$4(t) - 1262(t) + 24[1 - Ej(t)] = 0
Let z(t) = ¢2(t) » then the preceding equation becomes

22(t) - 12 z(t) + 24[1 - E)"(t)] = o

Applying the quadratic formula to the preceding equation results in

2(t) = 6 -\36 - 24(1 - E;'(0))

Hence,
$(t) =\/z(t =\/6 -\/36 - 24(1 - EO"(t) radians
Now
ZEO'(t)
E "(t) = e
0 K A2

and the true rms voltmeter measures Eo’rms. But

ZEO'rms
EO"rms =
K A2

Since the input signals to the mixer are A(t) cos (wt) and
a(t) cos (wt + ¢(t)) , their rms values are

_ A
rms "§ﬁf:
But
2
2 A
A Tms 2




Therefore,

E_ 'rms
E."rms = ....0_...___
0 K Azrms
and
- Eo'rms
orms =\J6 ~436 - 24 |1 - ———-— radians.

K Azrms

If the output from one synthesizer is .plit into two equal ampli-
tude phase coherent components in a wideband power splitter, and the two
components are limited, filtered, and fed to the mixer, the resultant
voltage indicated on the true rms voltmeter can be used as a calibration
voltage for the system. The resultant voltage, E,'rms (max), represents
an rms phase angle ¢(rms) of zero, since the two components are phase
coherent. Eo'rms (max) -equals K A2rms , since for ¢(rms) = 0 the term

t -
EO rms

K Azrms

in the equation for ¢(rms) must equal unity. Therefore, ¢(rms) can be
written as

—

Eo'rms
d(rms) =4J6 -4/36 - 24 |1 - E oms (many radians
0

rms (max)

The analysis used to derive the analytical expression for
¢(rms) assumed the use of perfect limiters in making the measurements
of EO'rms (max) and Ey'rms. In practice, perfect limiter performa.ce

is not obtained and allowances must be made for this non-perfect limiter
operation. These allowances involve a minor modification of the expres-
sion for synthesizer phase coherency, ¢(rms) , and may be derived as
follows.

The calibration signal or reference reading E,'rms (max) can be
expressed as

Eo'rms (max) = AlBIK cos ¢1(t)
where
A, and B, = the amplitudes of the imperfectly limited signals fed

to the double balanced mixer in the phase coherency
test circuit (rms values)




K

the mixer gain constant

¢1(t) the phase difference between mixer input signals.
Likewise, Eo'rms is given by
t = ~
E0 ™ms AZBZK cOos ¢2(t)

where

A2 and B2 = the mixer input signal amplitudes (rms values)

¢2(t) the phase difference between mixer input signals.

Note that for the reference reading Ejp'rms (max) the phase
difference between mixer input signals is zero, hence ¢;(t) =0 . For
the measurement of Ep'rms , however, ¢,(t) represents the phase differ-
ence (i.e., the measure of coherency) between synthesizers. By dividing
Eo'rms by EO'rms (max) , we obtain the relationship

EO'rms i AZBZK cos ¢2(t) A282 cos ¢2(t)

7 i~ =
E0 rms (max) A.B.K cos ¢1(t) A131

lBl
since ¢1(t) =0

Therefore

E 'rms ] A,B
0 171
Cos ¢2(t) = [EO'rms (max) J[A B }

If we expand Cos ¢2(t) in a power series and solve for ¢, as

was done before for the case of perfect limiter operation, we obtain an
expression for ¢(rms) as

[47 A.B E.'rms \7 .
171 0 radians
p(rms) =6 -'\/36 - 24 {1 - (A 5 ><Eo.rms (max)/J

272

A comparison of this equation with the previously derived equa-
tiocn for ¢(rms) reveals that it is identical in form but contains the
correction factor (AlBl)/(Asz) which accounts for non-perfect limiter

operation., Note that if the limiter operation were perfect,

AyBy

—— =1

AR,

and the equation reduces to the previously derived equation for ¢(rms)
assuming perfect limiter operation.

A-5
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APPENDIX B

§PECTRUM SPLATTER FROM PHASE SHIFT KEY MODULATION

A pract1ca1 appllcatlon of the frequency- hopplng concept to a communica-
tions system is a configuration where a large number of users require simul-
taneous use of the communications channel. To make such a system efficient
in terms of bandwidth, requires that each frequency slot within, the' channel
bandwidth is used at all times. Thus, a possible system configuration might
be one where the N slots available are occupied by transmissions from N users.
The frequency slot assignments of the N users are permuted in a manner such that
no more *han one.user occupies the same frequency slot a: the same time, i.e.,
the frequency-hopping sequences of the N users are orthogcnal. (Time division
multiplex could be employed, in addition to the frequency division multiplex-
ing to allow more than N system users). The orthogonality of frequency slot
assignments is the key to the previously mentioned systems multiuser capabi-
lity and therefore the effects Jf spectrum splatter within'the channel is
important. !

The biphase PN modulation contained on the output waveform of the syn-
thesizers described in this report causes each frequency burst to have a
t

(512 X> spectrum centered about the barticular‘burst center frequency.

Energy from any one burst splatters over the entire operating bandwidth of
the synthesizer. This spectrum splatter could cause cochannel interference
in an otherwise perfectly coordinated time and frequercy orthogonal system.
This is especially troublesome when the system must operate with multiuser
51gnals whose strengths vary over a large dynamlc range.
2
. . sin X ' . ‘
F11ter1ng of the (——;;—-)w spectrum of each frequency burst prior to

transmission is effective in reducing the effect of spectrum splatter if
_tha channel is 1linear. However, in'the nonlinear channel.-environment, the

‘ . : sin x \“ | . s
out-of-band power in the filtered (—§———-> spectrum is restored (this is the
practical situation when one considers the use of typical high power transmit-
ters, limiterss in satellite or airborne repeaters, etc.). If hard limiting is

. sir ' . . . ‘
encountered, the original <~£§—£ spectrum is totally restored for biphase

modulation and is essentially restored for normal quadriphase inodulation.

There is a technique using quadriphase modulation, however, that con-
siderably reduces the degree to which the out-of-band power is restored by
hard limiting. The technique employs independent biphase modulations on the
sine and cosine components’offsct from one another by half & bit.  Therefere,
only * m/2 transitions can occur. Since the modulations on the quadrature
components are independent, the resulting spectrum before filtering has the
power spectral density of biphase modulation at the actual symbol rate. When
the normal biphase modulation is filtered, the amplitude of the signal goes
through zero when a transition of 7 degreés is made. With the technique just
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described, however, the amplitude of the signal never reduces to a level below
-0.707 times the full envelope amplitude and, thus, subsequent effects of
limiting are reduced.

The specific levels of out-of-band spectrum occupancy produced by this
system have been evaluated by digital computation. The results are summarized
for one particular case in Figure B-1. These results are quite striking. At
a frequency which is eight times the bit rate, the filtered and hard limited

. 2
signal using this offset technique is 80 dB below the (512-5> spectrunm.

This simple technique, therefore, is very powerful in suppressing out-of-band
spectral noise and should be considered for use to reduc: spectrum splatter
in a frequency-hopping system.
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Figure B-1. Spectrum Splatter for Offset Quadriphase Modulation
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